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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Lock-in thermography and heat flow measurements with a new developed peltier sensor have been performed during fatigue crack 
propagation experiments. Lock-in thermography allows space-resolved measurements. Moreover elastic stress fields (E-
Amplitude) as well as dissipated energies (D-Amplitude) can be determined. In case of thermographic measurements the specimens 
have to be painted to enhance the emissivity, but the thickness of the coating influences the results and therefore quantitative 
measurements are problematic. The heat flow measurements are easy to perform and provide quantitative results, but only integral 
values in an area given by the size of the peltier el ment ca  be achieved. In order to get comparable results the valuation of the 
thermographic measurements were performed in the same area as the peltier measurements. In case of the mean temperature 
measured by thermography and the heat flow determined with the peltier sensor a good agreement was found. The measurement 
of elastic stresses with the peltier sensor is restricted to low loading frequencies due to the response characteristic of the sensor. 
For the measurement of dissipated energies the cooling of the specimen by heat conduction into the clamps and heat radiation has 
to be taken into account. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The progress in thermographic methods has opened new possibilities for investigations of the fatigue behavior of 
materials. Beside the investigation of the specimen temperature elastic stress fields (Diaz et al. (2004)) as well as 
 
 
* Corresponding author. Tel.: +49 89 6004 2561; fax: +49 89 6004 3055. 
E-mail address: juergen.baer@unibw.de 
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
  21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
Determination of dissipated Energy in Fatigue Crack Propagation 
Experiments with Lock-In Thermography and Heat Flow 
Measurements 
Jürgen Bär* 
University of the Federal Armed Forces, Institute for Materials Science, 85577 Neubiberg, Germany 
Abstract 
Lock-in thermography and heat flow measurements with a new developed peltier sensor have been performed during fatigue crack 
propagation experiments. Lock-in th rmography allows spac -resolved m a urements. Moreover elastic stress fields (E-
Am litude) as well as dis ipated energi s (D-Amplitude) can be d termined. In c e of thermographic measuremen s the specimens 
have to b  paint d to enhanc  the emi sivity, but the thickn ss of the coating influences the results and therefore quantitative
measurements ar  pr blematic. The heat flow measurements are easy to perform a d provide quantita ive results, but only in egral
values in an area given by the size of the peltier elem nt can b  achieved. In order to get comparable result  the evaluation of the
thermograp ic measurements were perform d in the same ar a s th  p lti  measur me ts. In case of the me n temperatur
m asured by thermog aphy and th h at flow det rmined with the peltier sensor a good agre ment was found. The m asurement
of elastic stress s with the peltier sensor is restricted to lo  loading frequencies due to the r sponse characteristic of the s nsor.
For the measurement of dissipat d ergie the cooling of the specimen by heat conduction into the clamps and heat radiatio  has
to be taken into account. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under espons bility of the Scientific Committee of ECF21. 
Keywords: Fatigue; crack propagation; thermography; heat dissipation. 
1. Introduction 
The progress in th rmographic methods has op ed new possibilities for i vestigations of the fatigue behavior of 
materials. Beside the investigat on of the specim  temperature elastic stress fields (Diaz et al. (2004)) as well as
 
 
* Corresponding author. Tel.: +49 89 6004 2561; fax: +49 89 6004 3055. 
E-mail address: juergen.baer@unibw.de 
Copyright © 2016 The Authors. Published by El evier B.V. This is an open access article under the CC BY-NC-ND licen e  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ECF21.
2106 Jürgen Bär / Procedia Structural Integrity 2 (2016) 2105–21122 Author name / Structural Integrity Procedia  00 (2016) 000–000 
 
dissipated energies with different approaches (Meneghetti (2007), Bär et al. (2014)) can be determined. In case of 
lock-in thermography quantitative measurements are complicated due to the need of reproducible paints on the surface 
of the investigated specimens. An alternative method with a sensor based on Peltier elements developed by Prokhorov 
et al. (2014) and optimized by Vshivkov et al. (2016) allows quantitative measurements within an area given by the 
dimensions of the used peltier element. 
In this work lock-in thermography measurements will be compared with heat flow measurements with an improved 
peltier-based sensor to investigate the possibilities and the limitations of this two methods. 
2. Experimental Details 
2.1. Crack Propagation Experiments 
Stress controlled as well as stress intensity controlled crack propagation experiments were undertaken on SEN-
specimens with a length of 80 mm, a width of 12 mm and a thickness of 3.91 mm of a high-alloyed steel (X5CrNi18-
10, AISI 304). In all specimens a notch with a length of about 1 mm and a notch radius of 0.25 mm was machined. 
The crack length measurement was performed with a DC potential drop method. Therefore pins have been mounted 
into the specimens symmetrical to the notch with a spacing of 4 mm between the pins. 
All tests were conducted under fully reversed loading conditions at a frequency of 20 Hz using a servo-hydraulic 
testing machine equipped with a DOLI EDC 580 controller. Fixed grips were used to minimize bending forces. A 
detailed description of the equipment and the test methods are given by Bär and Volpp (2001). 
2.2. Lock-In Thermography 
During the fatigue crack propagation experiments lock-in thermography measurements have been undertaken using 
a Cedip Titanium HD 560 camera. In these tests the thermoelastic effect was used for cyclic thermal stimulation. 
Sequences with a length of 10 s at a frame rate of 99 Hz in defined intervals of 1 to 5 minutes, depending on the length 
of the experiment, were recorded with the software Altair. To enhance the emissivity for infrared radiation all 
specimens were painted with black board paint with a coating thickness of about 20 µm. Own investigations have 
shown that an emissivity of more than 92% is achieved for this paint. The emissivity was found to be independent 
from the coating thickness in a range from 15 to 25 µm. 
 
             
Fig. 1. (a) lock in filtering of the temperature signal; (b) determination of the amplitude and the phase image. 
The evaluation of the thermography sequences was performed with the software Altair LI. The evaluation 
procedure is illustrated in figure 1. The recorded noisy temperature signal for each pixel is filtered by a Fourier 
transformation using the frequency of the loading signal. The filtered signal shows the reaction of the specimen due 
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to the mechanical loading. Based on the filtered temperature signal two different values can be obtained: the amplitude 
value of the temperature signal (E-Amplitude) and the phase lag between the temperature curve and the mechanical 
loading (E-Phase). This so called E-Mode evaluation is based on the thermoelastic effect and can be used for analysis 
of the elastic stresses as shown by Harwood et al. (1991). Information about dissipated energy can be achieved when 
the Fourier transformation is performed with a doubled loading frequency as shown by Sakagami et al. (2005). Similar 
to the E-mode evaluation a D-Amplitude and a D-Phase image is achieved. 
In figure 2 the resulting amplitude images of the lock-in evaluation of an experiment with a constant stress intensity 
of Kmax = 20 MPam and a crack length of about 7 mm are shown. In the E-Amplitude image, the stress-field in front 
of the crack tip is clearly visible. The D-amplitude image shows the plastic zone in front of the crack tip and a region 
along the crack path where energy is dissipated. 
 
         
Fig. 2. (a) E-Amplitude and (b) D-Amplitude image of a specimen loaded with a constant stress intensity of Kmax = 20 MPam. 
2.3. Heat Flow Measurements 
For the heat flow measurements a sensor based on peltier elements was used. This sensor is based on the concept 
of Vshivkov et al. (2016). Figure 3 shows a drawing of the improved sensor used in this work. The heat flow is 
determined with a measuring peltier (upper peltier element in figure 3) which is directly attached to the specimen. To 
get a constant temperature on the backside of the measurement peltier the copper plate below is tempered to a defined 
temperature by a second peltier element (cooling-peltier). The temperature is measured by a PT-100 probe and 
controlled by a TEC-1089-SV controller of Meerstetter Engineering. The temperature of the copper-plate was 
regulated to 26°C with a deviation of less than 0.005°C during all experiments. A copper plate on the backside of the 
cooling peltier element ensures a good heat flow to the environment. The complete construction was embedded into 
resin to fix the components. The sensor was mounted on a holder into the testing chamber and pressed on the backside 
of the specimen with a compression spring in a manner that the measuring-peltier is centered to the specimen width 
and therefore one edge of the peltier is in touch with the notch root. To enhance the heat flow, a heat-conductive paste 
was inserted between the sensor and the specimen. 
When the temperature of the specimen is changing, the corresponding temperature difference between the front 
and the backside of the measurering peltier element generates a current. This current leads to a voltage at a resistor 
that is integrated into the electric circuit. The voltage is measured using an amplifier of the EDC 580 control electronics 
and is registered by the control software. 
The sensor was calibrated using a flat resistor integrated in a plastic specimen installed into the grips of the testing 
machine. The voltage and the current at the resistor and therefore the power was increased stepwise and the 
corresponding voltage at the peltier element was measured with the control electronics. 
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When the temperature of the specimen is changing, the corresponding temperature difference between the front 
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Fig. 3. Drawing of the heat flow sensor. The temperature on the lower side of the measuring peltier is regulated by the cooling peltier to a 
constant value, controlled by a PT100 temperature probe glued on the copper plate between. 
3. Results 
To allow a direct comparison with the heat flow measurements the evaluation of the thermographic investigation 
were undertaken in a rectangular area with the size and position similar to the peltier sensor (Figure 4). With the 
software altair the mean values of the E- and D-Amplitude measurements as well as the mean temperature were 
determined. 
 
 
Fig. 4. E-Amplitude image with the evaluation square with the same size and position as the peltier sensor. 
3.1. Experiments with constant force 
Figure 5 shows the results of the thermographic and the heat flow measurements of a crack propagation experiment 
with a constant force of 8 kN. The curve of the E-Amplitude (5a) shows a distinct plateau up to 200,000 cycles. 
Thereafter a steep increase up to final failure of the specimen is visible. The D-Amplitude (5b) shows the same 
behavior with a distinct plateau and a steep increase at the end of the test. The measured values are nearly 50 times 
smaller compared to the E-Amplitude. The development of the mean temperature within the analysis area is shown in 
figure 5c. The temperature shows a slight increase up to 200,000 cycles. In the last phase a steep increase similar to 
the E- and the D-Amplitude diagrams can be observed. The mean temperature rises up to about 42°C, at the crack tip 
a maximum temperature of more than 47°C was measured. The heat flow measurement (fig. 5d) shows also a plateau 
up to 200,000 cycles followed by a steep increase until the failure of the specimen. For comparison in figure 5d the 
curve of the potential is drawn. The potential shows a distinct increase already after 150,000 cycles, indicating the 
propagation of a macroscopic crack in the specimen. 
 Author name / Structural Integrity Procedia 00 (2016) 000–000  5 
 
 
Fig. 5. Results of thermographic measurements (a-c) and heat flow measurement (d) of an experiment with a constant force of F=8 kN. 
3.2. Experiments with constant stress intensity 
The experiments were started with a constant force of 8 to 8.5 kN. When the stress intensity reached the desired 
value the force was reduced with increasing crack length so that the maximum stress intensity Kmax as well as the 
stress intensity factor K was kept constant. The curve progression of the stress intensity is given in figure 6(a). The 
experiments were undertaken with stress intensities of 12.5, 15, 17.5, 20 and 22.5 MPam, respectively. The 
corresponding crack propagation rates are shown in figure 6(b). For stress intensities up to 17.5 MPam the crack 
propagation rate is constant within the scatter over the complete crack length. For the experiments with stress 
intensities of 20 and 22.5 MPam the crack propagation rates decreases with the crack length. 
 
 
Fig. 6. Measured stress intensities (a) and crack propagation rates (b) for the experiments with constant stress intensity. 
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The E-Amplitude and D-Amplitude values measured in the experiments with a constant stress intensity are given 
in figure 7. The E-Amplitude values are rising with the applied stress intensity and decreasing with the crack length. 
The D-Amplitude is also rising with the stress intensity and with the crack length. The D-Amplitude values are 
considerably smaller than the E-Amplitude just as in the case of the experiments with constant force, but the ratio is 
decreasing with increasing crack length. 
 
 
Fig. 7. Measured E-Amplitude (a) and D-Amplitude (b) in experiments with constant stress intensity. 
The decrease of the E-Amplitude implies a dependence between E-Amplitude values and the applied force. The 
evidence is shown in figure 8. The diagram of the E-Amplitude vs. the applied stress shows a linear dependence. This 
can be explained by the thermoelastic effect: 

  TcT
th    (1) 
With the coefficient of thermal expansion th, the density , the specific heat capacity c and the temperature T. 
This shows that the E-Amplitude is not only determined by the elastic stress field in front of the crack, but rather by 
the applied nominal stress. 
 
   
Fig. 8. Linear dependence between the E-Amplitude and the applied load in the analysis area. 
The measured heat flow values (figure 9a) exhibit a more pronounced decrease compared to the E-Amplitude 
values of the thermographic measurements. Nearly the same decrease can be observed in the run of the mean 
temperature. That is not surprising because the heat flow is proportional to a temperature difference and due to the 
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constant temperature on the backside of the measuring peltier element the heat flow depends on the temperature of 
the specimen. 
 
 
Fig. 9. (a) Heat flow measured by the peltier sensor and (b) mean specimen temperature in the analysis area. 
The thermoelastic effect should also reflect in the range of the heat flow measurements. In figure 10a the range, 
i.e. the difference between the maximum and the minimum value in each cycle is plotted against the applied force. 
Within the scatter band no influence of the force on the heat flow range can be observed. When experiments were 
performed with a frequency of 0.2 Hz a linear dependence as in the case of the E-Amplitude values can be observed 
(figure 10b). This clearly indicates the comparability of the heat flow measurements and the lock in thermography. 
Due to the response characteristic of the peltier sensor the measurement of elastic effects is limited to low frequencies. 
 
 
Fig. 10. Heat flow range as an indicator for elastic stresses for experiments at 20 Hz (a) and the comparison to 0.2 Hz (b). 
4. Conclusion 
The experiments have shown that a lot of interesting results can be achieved with both methods. The E-Amplitude 
values of the thermographic measurement represent the elastic stress field in front of the crack tip. With knowledge 
of the emissivity of the paint the stresses can be calculated using equation 1. In case of the heat flow measurements 
information about elastic stresses are only obtainable at low loading frequencies and averaged over the area covered 
by the peltier element. 
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The E-Amplitude and D-Amplitude values measured in the experiments with a constant stress intensity are given 
in figure 7. The E-Amplitude values are rising with the applied stress intensity and decreasing with the crack length. 
The D-Amplitude is also rising with the stress intensity and with the crack length. The D-Amplitude values are 
considerably smaller than the E-Amplitude just as in the case of the experiments with constant force, but the ratio is 
decreasing with increasing crack length. 
 
 
Fig. 7. Measured E-Amplitude (a) and D-Amplitude (b) in experiments with constant stress intensity. 
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This shows that the E-Amplitude is not only determined by the elastic stress field in front of the crack, but rather by 
the applied nominal stress. 
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